Kinosternon scorpioides is a Brazilian freshwater turtle that belongs to the class Reptilia, encompassing almost 10 000 species. Nevertheless, very little is known about the testicular quantitative parameters, particularly those related to spermatogenesis, in this vertebrate class. Our main objectives were to investigate in detail the structure and function of the testis in K. scorpioides, particularly the aspects related to spermatogenic cycle length and Sertoli cell (SC) and spermatogenic efficiencies. Nine sexually mature turtles were examined, and intraperitoneal bromodeoxyuridine injections were administered to estimate duration of spermatogenesis. Based on the acrosome development in spermatids and the overall germ cell associations, 10 stages of the seminiferous epithelium cycle were characterized. Similar to birds, humans, and some primate species, several stages were observed per seminiferous tubule cross-sections. One spermatogenic cycle and the entire spermatogenic process lasted, respectively, 12 and 53 days. The SC efficiency (number of round spermatids per SC) and daily sperm production per gram of testis were, respectively, 20 and 40 million spermatids. As established for mammals, our findings suggest that SC efficiency is also a critical determinant of sperm production in reptiles. To our knowledge, this is the first study to investigate the kinetics of spermatogenesis and testis function in any reptilian species. Besides allowing a better understanding of reproductive biology in reptiles, these data will be useful in comparative studies. Moreover, these results could provide the basis for investigations related to the evaluation of spermatogonial stem cell physiology niche in Kinosternon scorpioides.
INTRODUCTION
Kinosternon scorpioides is a freshwater turtle that belongs to the order Testudines and is found mainly in the northern and northeastern regions of Brazil. The class Reptilia, consisting of almost 10 000 species, is composed of Squamata (lizards and snakes), Crocodilia (crocodiles and alligators), Sphenodontia (tuatara), and Testudines (;3% of the number of species in this class) [1] [2] . Despite the high number of species, very little is known about the reproductive biology in this vertebrate class [3] . In particular, only few studies are available related to germ cell morphology and their possible association with seasonal reproductive activities [4] [5] .
The flesh of K. scorpioides is very popular, and this turtle is easily kept in captivity. However, due mainly to hunting and deforestation, the number of individuals from this species has been drastically diminished in the past decade [6, 7] . According to the literature, at least under captivity conditions, this species reproduces all year round [8, 9] . Therefore, among other aspects, better knowledge of the reproductive biology of this species could assist in its conservation and management and enhance its reproductive capacity in natural and artificial breeding programs [6, 7] .
Testis structure and organization usually are similar among amniotes. However, each species may exhibit particular morphofunctional characteristics, such as those related to reproductive strategy and behavior [10, 11] . Spermatogenesis is a cyclic, complex, and highly organized process in which diploid spermatogonia differentiate into mature haploid spermatozoa. The total duration of this process is approximately 4.5 cycles and lasts from 30 to 75 days in the 1% to 2% of mammalian species already investigated [12] [13] [14] [15] [16] . In a much lower percentage of species, this important parameter was also investigated in other vertebrates [14, 17, 18] . It is well established that the description of spermatogenic cycle length is fundamental in determining the spermatogenic efficiency (daily sperm production [DSP] per gram of testis), which is a very useful parameter in comparative studies among different species [15, [19] [20] [21] [22] [23] .
In the literature it is already well established for mammals [13, 15] that the total number of Sertoli cells per testis is one of the most important factors determining the magnitude of sperm production. This occurs because each Sertoli cell is able to support a relatively fixed number of germ cells in a speciesspecific manner [13, 15] . Recent data also suggest that the same might occur for other vertebrate species such as fish [14, 24] , amphibians [25] , and birds [26] .
To the best of our knowledge, there are no studies describing the length of spermatogenesis in any reptilian species, nor any investigations regarding testis stereology, Sertoli cell efficiency (the number of round spermatids per Sertoli cell nucleus), sperm production, and spermatogenic efficiency. Therefore, in the present study, we performed a detailed and comprehensive evaluation of these parameters in sexually mature K. scorpioides and found that, similar to mammals, Sertoli cell efficiency is a critical determinant of sperm production.
MATERIALS AND METHODS

Animals
Nine adult freshwater turtles (K. scorpioides) weighing 325 g were used in this study. The animals were obtained from the State University of Maranhão (São Luís, MA; 02831 0 48"S, 44818 0 10"O) located in the northeast region of Brazil. These turtles were kept in captivity at 308C to 358C in a 12L:12D photoperiod and food and water ad libitum. Samples were obtained during the months of November to March, which is the transition from the dry to the rainy period (spring/summer in the southern hemisphere). All procedures were performed following approved guidelines for the ethical treatment of animals (CEEA [Animal Experimentation Ethics Committee]/UEMA [State University of Maranhão]; protocol number 011/2010).
The animals were killed with an overdose of sodium thiopental 2.5% (60 mg/kg; Cristália), and the testes were separated from the epididymis and weighed and then cut longitudinally with a razor blade into small fragments. Testes fragments were fixed by immersion in 4% buffered glutaraldehyde for 24 h. Tissue samples measuring 2 to 3 mm in thickness were routinely processed and embedded in plastic (glycol methacrylate; Leica Historesin) for histological and stereological analyses. As described in more detail in the next section, testes samples from all animals were also fixed in Bouin solution (10% formaldehyde, 0.9 M acetic acid, and 0.04 M picric acid, in water) and embedded in paraplast (Sigma) in order to characterize the length of the seminiferous epithelium cycle. For all turtles, fragments from each testis (right and left) were embedded in both plastic and paraplast.
Bromodeoxyuridine Injections and Immunoperoxidase Staining
In order to estimate the duration of spermatogenesis, bromodeoxyuridine (BrdU, 150 mg/kg of body weight; Sigma) was diluted in saline solution and injected in the coelomic cavity in the 9 animals used in our study. Each turtle was killed at a specific time after BrdU injection (at 1 h and then at 7, 15, 22, 23, 24, 30, 31, or 32 days), and their testes were collected. Briefly, the tissue sections (5 lm in thickness), fixed in Bouin solution, were immunostained using a specific protocol developed for BrdU detection in the testis parenchyma [27] . After samples were dewaxed and rehydrated, antigen retrieval was performed in citrate buffer (pH 6.0) by boiling the tissues for 5 min in a microwave oven. Endogenous peroxidase was quenched for 30 min with 3% H 2 O 2 (Sigma) in PBS. Nonspecific binding was blocked with horse normal serum (product no. PK6102; Vectastain ABC kit). The primary antibody against BrdU (product no. R2232, diluted 1:200; BD Biosciences) was incubated at 48C overnight. Sections were then incubated with biotinylated IgG horse anti-mouse IgG antibodies (Vectastain) for 60 min at room temperature. Detection of the signal was achieved by incubating the sections in ABC solution for 10 min, followed by an incubation with the peroxidase substrate 3,3 0 -diaminobenzidine (Sigma) and counterstained with hematoxylin (Merck). After dehydration, the samples were mounted on slides and analyzed by light microscopy, to detect the most advanced germ cell type labeled at the 9 different time periods investigated following BrdU injections.
Testis Stereology
Volume densities of the testis parenchyma components (tunica propria, seminiferous epithelium, lumen, Leydig cell, blood vessel, lymphatic space, and others) were determined by light microscopy using a 540-intersection grid in ImageJ software (National Institutes of Health [http://rsb.info.nih.gov/ij/]). Fifteen randomly chosen fields (8100 points) were scored for each animal at 4003 magnification. Tubular diameter and seminiferous tubule epithelium height were measured at 1003 magnification, using an ocular micrometer calibrated with a stage micrometer. Thirty tubular profiles, which were round or nearly round, were chosen randomly and measured for each turtle. The total length of seminiferous tubule (in meters) was obtained by dividing seminiferous tubule volume by the squared radius of the tubule multiplied by p [28] .
Stages of the Seminiferous Epithelium Cycle
Stages of the seminiferous epithelium cycle were characterized based on the development of the acrosomic system, as well as the morphology of spermatid nuclei and in the overall germ cells association [13, 15] . Moreover, all germ cells present in each stage were described, taking into consideration the nuclear morphology and volume. The nuclear volume (lm 3 ) was obtained by measuring 30 nuclei per each germ cell type from type A undifferentiated spermatogonia (Aund) to round spermatids per each turtle.
Relative stage frequencies were determined by evaluating 40 seminiferous tubule cross-sections per animal. For this purpose, images from each evaluated seminiferous tubule cross-section were captured using Cell F software (Olympus) at 2003 magnification. Subsequently, tubule circumference was subdivided in 3608, and the area occupied by each stage of the seminiferous epithelium cycle was recorded (Fig. 1) as the degree percentage of total circumference.
Length of the Seminiferous Epithelium Cycle
The duration of the spermatogenic cycle was estimated based on stage frequencies and the most advanced germ cell type labeled at the different time 
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periods investigated following BrdU injections. The total duration of spermatogenesis took into account the fact that approximately 4.5 cycles are necessary for this process to be completed from type A spermatogonia to spermiation [19, [21] [22] [23] 29] . Because the nuclear volume of primary spermatocytes grows markedly during the meiotic prophase, particularly during the pachytene phase [30] [31] [32] , the size of their nuclei was used to determine more precisely the location of the most advanced labeled germ cell, particularly when these cells were present in stages showing high frequency.
Cell Counts and Cell Numbers
All germ cell nuclei and Sertoli cell nucleoli present in 20 randomly selected samples from stage V of the cycle were counted for each animal. These counts were corrected for section thickness and nucleus or nucleolus diameter, based on the method described by Abercrombie [33] and modified by Amann [34] . For this purpose, 10 nuclei or nucleoli diameters were measured (per animal) for each cell type analyzed. Cell ratios were obtained from the corrected counts made in stage V. Due to the fact that, in the freshwater turtle, several stages were observed per seminiferous tubule cross-sections ( Fig. 1) , the cell counts in stage V were analyzed in different areas/sections in which this cell association was observed.
The total number of Sertoli cells was determined from the obtained corrected counts of Sertoli cell nucleoli and the total length of seminiferous tubules [19, 21-23, 29, 35] . DSP per testis and per gram of testis (spermatogenic efficiency) were obtained according to the following formula: DSP ¼ total number of Sertoli cells per testis 3 the ratio of round spermatids to Sertoli cells in stage V 3 stage V relative frequency (%)/duration of stage V [36] .
Individual Leydig cell volume was obtained by light microscopy from the nuclear volume and the proportion between nucleus and cytoplasm using a 540-intersection grid (Image J software). The pictures used for this purpose were captured at 10003 magnification, and 10 000 points over Leydig cells were counted for each animal. Because the Leydig cell nucleus in the freshwater turtle is spherical, the nuclear volume was calculated from the mean nuclear diameter. For this purpose, 30 nuclei with evident nucleoli were measured for each animal. Leydig nuclear volume was expressed in lm 3 and obtained from the formula 4/3pR 3 , in which R ¼ nuclear diameter/2. The total number of 
RESULTS
Biometric Data and Testis Volume Density
The mean testis weight of the freshwater turtles was almost 1 g, providing a gonad somatic index (testis mass divided by body weight 3 100) of almost 0.6% (Table 1) . As also shown in Table 1 , the mean percentage of tunica albuginea was approximately 12%, whereas the volume density of tubular and intertubular compartments were, respectively, ;83% and 17%. In each compartment, the seminiferous epithelium and the Leydig cells occupied almost 85% and 30%, respectively. Relative distribution of the different components of the testis parenchyma is shown in Figure 1 .
The mean tubular diameter and seminiferous epithelium height were, respectively, 345 and 114 lm (Table 1) . Based on the volume of the testis parenchyma, [testis volume À tunica albuginea weight], the total volume occupied by the seminiferous tubules and tubular diameter, the length of the seminiferous tubules per gram of testis was 10 m.
Germ Cell Nuclear Morphology
The morphology of the different germ cell types (from spermatogonia to spermatids) is shown in Figure 2 and described below.
Type A undifferentiated spermatogonia (Aund). This germ cell type, present in all 10 stages characterized, showed a mottled or granular prominent spherical nucleus that measured almost 600 lm 3 and contained little heterochromatin. Type A differentiated spermatogonia (Adiff). This cell type, found in stages V to X and I, presented a rounded nucleus (;290 lm 3 ) showing more than 1 nucleolus, and the amount of heterochromatin was higher than that in type Aund spermatogonia.
Intermediate spermatogonia (In). The nucleus of this spermatogonial type, present exclusively at stage II, was relatively oval, measuring approximately 200 lm 3 , and the chromatin along the nuclear envelope was more prominent.
Type B spermatogonia (B). This germ cell type was found at stages III and IV, and its round nucleus (;130 lm 3 ) contained densely stained chromatin and two evident nucleoli. Overall, in comparison with all spermatogonial types, the nuclear volume decreased noticeably from type Aund to B, whereas the amount of heterochromatin increased gradually.
Preleptotene spermatocytes (Pl). This early spermatocyte observed at stages V to VIII showed an oval to round nucleus (;150 lm 3 ) that displayed a large amount of chromatin, giving to this cell nucleus a particularly dark appearance.
Leptotene spermatocytes (L). This germ cell type was found in the transition of stage VIII to IX and at stage IX and showed granular splotches within the nucleus, which was spherical (;140 lm 3 ). Zygotene spermatocytes (Z). Compared to those found in leptotene spermatocyte, the granular splotches in this cell type, present at stage X, were wider and better distributed in the nucleus (;180 lm 3 ). 
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Pachytene spermatocytes (P). These cells were observed in almost all stages characterized (I to IX), and their nuclei were larger (300 lm 3 ) than those of the previous spermatocytes. Chromatin cords appeared as densely stained patches that were seen throughout the nucleus.
Diplotene spermatocytes (D). In comparison to the previous spermatocytes, nuclei of these cells, which were spherical and found at stage X, reached their greatest volume (;420 lm 3 ) and presented a densely stained chromatin appearance. In contrast to the spermatogonial phase, we observed the nuclear volume of spermatocytes increased gradually from preleptotene/leptotene to diplotene type.
Meiotic figures (M). These cellular features were observed at stage X and presented classical metaphase, anaphase, and telophase of dividing cells.
Secondary spermatocytes (S2). This particular diploid cell type, found also at stage X, was rarely observed, and its nuclear volume (;210 lm 3 ) was substantially higher than that of the newly formed spermatids (;60 lm 3 ) that presented a similar nuclear morphology.
The spermiogenic phase that contained the haploid round (R) to elongating/elongated (El/E) spermatids is described in detail below. The acrosome development in these cells was used to characterize the different stages of the cycle.
Stages of the Seminiferous Epithelium Cycle and Relative Stage Frequencies
Based on the development of the acrosomal system in spermatids, 10 stages of the seminiferous epithelium cycle were characterized in the freshwater turtle (Fig. 3) , and 3 to 7 stages per seminiferous tubule cross-section were observed (Fig. 1B) . As can also be observed in Figure 1 , the area occupied by each stage present in the same tubule cross-section was not similar. This very interesting arrangement of stages is also illustrated in the histological section and in the Z stack reconstruction (Fig. 1B and Supplemental Movie S1; all Supplemental Data are available online at www.biolreprod. org). The spermiation occurred at stage IV, and the 10 different stages of the cycle that we have characterized here (Figs. 3 to 5) are described below.
Stage I. Two generations of spermatids were found in this stage: newly formed round and elongated spermatids. Because the proacrosomal granules cannot be seen at the light microscope level, the newly formed round spermatids present in this stage were characterized by their lack of distinguishing features. Type Adif were observed at the base of the tubule in contact with the basal membrane. Early pachytene spermatocytes were the predominant cell type located between round spermatids and the basal membrane; whereas the packed elongated spermatid bundles were present at the bottom of the adluminal part of the seminiferous epithelium.
Stage II. Early round spermatids usually had 1 small acrosomal vesicle in which only occasional proacrosomal granules were present. Pachytene spermatocytes were observed, and the elongated spermatid bundles were still packed and had moved toward the tubular lumen. Intermediate spermatogonia were also observed.
Stage III. Elongated spermatid bundles were dissociating, and spermatid nuclei were located close to the luminal border. In round spermatids, the acrosome vesicle was more prominent. Type B spermatogonia were found for the first time in this stage, and pachytene spermatocytes were also observed sandwiched between spermatogonia and round spermatids.
Stage IV. The main characteristic of this stage was the location of elongated spermatid nuclei just being released/ spermiated in the seminiferous tubule lumen. The acrosome vesicle extended slightly over the round spermatid nuclei, and the acrosomic vesicle began to flatten. Pachytene spermatocytes and type B spermatogonia were also present in this stage. 
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Stage V. Only 1 spermatid generation was present in this stage. Spermatid nuclei were round, and the acrosome vesicle subtended over their nucleus. Type Adif spermatogonia were observed in this stage, and type B spermatogonia gave rise to preleptotene spermatocytes located in contact with the basal membrane.
Stage VI. The main characteristic of this stage was the beginning of the elongation of spermatid nuclei. Therefore, in comparison to the previous stage, preleptotene and pachytene spermatocytes, as well as type Adif spermatogonia, were still present.
Stage VII. Spermatid nuclei became more elongated during this stage, and their chromatin was more condensed than in the previous stage. All other germ cells present in stage VI were also observed in this stage.
Stage VIII. In comparison to the previous stage, the spermatid nuclei had more condensed chromatin; however, the acrosome spread more extensively over the nucleus. Type Adif spermatogonia, preleptotene in the transition to leptotene, and pachytene spermatocytes were also present in this stage.
Stage IX. Elongated spermatids formed evident bundles with their heads oriented toward Sertoli cell nuclei, usually located at the base of the tubule. Leptotene and pachytene spermatocytes and type Adif spermatogonia were also observed in this stage.
Stage X. The main characteristic of this stage was the presence of meiotic figures of the first and second divisions. Therefore, diplotene and secondary spermatocytes were observed. Zygotene spermatocytes were also present and, in general, were located just below the meiotic figures. Elongated spermatid bundles were more evident, and type Adif spermatogonia were present in contact with the basal membrane.
Although ovoid and triangular shapes were predominant features, Sertoli cell nuclei had an irregular shape, presenting single prominent nucleoli, and these nuclei were usually observed in the middle part of seminiferous epithelium. As expected, Sertoli cell and type Aund spermatogonia were present in all stages of the seminiferous epithelium cycle, and mitotic Sertoli cells were rarely observed in K. scorpioides.
Stage frequencies are shown in Table 2 and Figure 5 . Overall, a large individual variation for this parameter was noted, particularly for stages II and X. The stages around spermiation (IV, ;21%; and V, ;18%) where those presenting higher frequencies, whereas the lowest frequencies were noted for stage X (4.4%).
Length of the Seminiferous Epithelium Cycle
The most advanced labeled germ cell types observed at the different time periods investigated after BrdU injections are shown in Figure 4 and Table 3 . Based on the most advanced labeled germ cell type and stage frequencies, the mean duration of the seminiferous epithelium cycle was estimated at 11.8 6 0.2 days. The duration of the various stages of the cycle was determined by taking into account the cycle length and the percentage of occurrence of each stage (Fig. 5) . As expected, the shortest duration was observed for stage X (0.5 day), whereas stage IV (2.4 days) and stage V (2.2 days) presented the longest duration. Because approximately 4.5 cycles are necessary for the spermatogenic process to be completed, the total length of spermatogenesis in the freshwater turtle was estimated at 53.1 6 0.8 days (Fig. 5) . Tables 4 and 5 show the data related to the testis stereology of K. scorpioides. The meiotic index, measured as the number of round spermatids produced per pachytene primary spermatocyte, was 3. 
TESTIS STRUCTURE AND FUNCTION IN K. SCORPIOIDES
Testis Stereology
DISCUSSION
To our knowledge, this is the first study to quantitatively evaluate several relevant aspects related to the testis function in any reptilian species. Therefore, we expect that the results obtained herein for the freshwater turtle K. scorpioides regarding the stages of the seminiferous epithelium cycle, spermatogenic cycle length, and Sertoli cell and spermatogenic efficiencies will be very useful in improving our understanding of testis physiology in vertebrates. In particular, this study can be used as a foundation for future investigations related to spermatogonial stem cell physiology and niche in reptiles and to improve our knowledge about the testis structure and function in vertebrates.
Morphofunctionally, in vertebrates, it is considered that spermatogenesis has 2 main arrangements: cystic, which is observed in fish and amphibians, and noncystic, which is present in reptile species, birds, and mammals [37] . Particularly in amniotes (birds and mammals), spermatogenesis is composed of cellular associations called stages, which are usually classified according to the development of the acrosome system, the changes in the shape of the spermatid nucleus, the occurrence of meiotic divisions, and the arrangement of spermatids within the seminiferous epithelium [12, 15, 17, SOUSA ET AL. [38] [39] [40] . Based on acrosome development, 10 stages of the cycle of the seminiferous epithelium were characterized in K. scorpioides. Similar to birds [17] , humans [39, 40] , and some primate species [32] , several stages per tubular cross-section were observed in this species. This organization could be considered unusual because in most mammalian species, the best studied vertebrate class in this regard, usually only 1 stage per tubular cross-section is found [15, 34] . To our knowledge, there is no such information in the literature for other reptile species, and, as a matter of fact, less than 2% of all mammalian species still alive have been investigated in this particular aspect.
In association with the most advanced labeled germ cell type at each time period investigated, stage frequencies were used to determine the spermatogenic cycle length. Although high individual variation was observed herein for some stage frequencies, including stage X, which was readily characterized, such variation is not an unusual finding and is frequently observed in mammals and birds [17, [39] [40] [41] [42] .
The length of spermatogenesis is considered a speciesspecific physiological phenomenon [19, 43] that is genetically controlled by germ cells [44] . To our knowledge, the present study is the first to report the total duration of spermatogenesis in reptiles, and the value found (;53 days) for this important parameter is similar to that observed for bullfrogs [18] , situated in the predominant range (40 to 60 days) for mammals [13, 15, 20, 44] , and much longer than the figures reported for fishes [14, 37, 45] ; these values are compared in Figure 6 . However, it should be mentioned that, because of the cystic arrangement of spermatogenesis, which does not allow obtaining stage frequencies, the duration of spermatogenesis in fishes is estimated only from preleptotene/leptotene to late spermatid formation. Despite the relatively higher individual variation observed for stage frequencies in K. scorpioides, the duration of spermatogenesis estimated for each of the 8 animals investigated was rather constant, corroborating the literature for fish [14, 37, 45] , frogs [18] , birds [17] , and mammals [12, 38] .
Spermatogenic efficiency (DSP/g/testis parenchyma) is highly correlated with several parameters such as Sertoli cell efficiency, tubular compartment volume density, and duration of spermatogenesis [15, 20, 41, 53] . In comparison to most mammalian species already investigated, spermatogenic efficiency found for K. scorpioides was very high (Fig. 6) [15, 20, 53] . To a large extent, this was due to the higher Sertoli cell efficiency observed in K. scorpioides, which is similar to the values observed in several bird species [26] but is twice as high as that in rats, which produce only 20 million sperm daily and have a similar spermatogenic cycle length and seminiferous epithelium volume density [15, 20, 48] . Considering another reference point, based on the amazing Sertoli cell efficiency found for fish species investigated in this aspect (more than 100 spermatids per Sertoli cell [14, 24, 46, 47, 54] , and the presumably shorter duration of spermatogenesis [14, 45] ), one could expect that spermatogenic efficiency in teleosts would be noticeably higher compared to those in K. scorpioides. However, to our knowledge, due to their cystic spermatogenic arrangement, which makes it very difficult to evaluates spermatogenesis accurately and quantitatively, there are no such data for fish. Also, the data obtained for K. scorpioides in the present study reinforce the assumption that the Sertoli cell support capacity (efficiency) is very important in determining the spermatogenic efficiency (Fig. 6) . It is important to mention that, in a broad study [55] that evaluated 12 different mammalian species, it was observed that a strong and negative correlation existed between the volume occupancy of Sertoli cells and sperm production. It means that, in contrast and considering that the seminiferous epithelium height does not change substantially among different species, the smaller Sertoli cells are much more efficient [55] .
In summary, the present study is the first to characterize the stages of the seminiferous epithelium cycle according to the acrosomic system, and multiple stages per seminiferous tubules cross-sections were observed. Also, for the first time, the duration of spermatogenesis, Sertoli cell efficiency, and sperm production per testis and per gram of testis were determined in a reptilian species. As already well established for mammals [12, 15, 20, 53] , the results found for K. scorpioides suggest that Sertoli cell efficiency is also a critical determinant of sperm production in this vertebrate class. In addition to further improving our knowledge about spermatogenesis and the stage arrangements in reptiles, these findings might be useful for comparative reproductive biology studies, providing the baseline for other studies related to spermatogonial stem cell physiology and niche in K. scorpioides.
